Objectives: The safety, painless, and tolerability features of transcranial Direct Current Stimulation (tDCS) have prompted the research on the therapeutic effects of this technique in stroke; however, an in-depth and unarguable examination of the adverse effects of tDCS in stroke patients is still lacking. This review analyzes the reported adverse effects in stroke, looking for factors that may induce side-effects.
INTRODUCTION
Transcranial Direct Current Stimulation (tDCS) is a noninvasive brain stimulation (NIBS) technique which has experienced significant growth in recent years, as evidenced by the number of studies testing its behavioral and neurophysiological effects in healthy participants and patients affected by various diseases (1) . Such evidence shows that tDCS can effectively modulate cortical excitability, pointing out its potential therapeutic value for the treatment of different diseases, among which cognitive and motor disorders in stroke (2) , neuropathic pain (3), migraine (4) , and epilepsy (5) . However, evidence is still somewhat mixed and publication bias is also likely (6) . tDCS is simple, versatile and easy to apply by trained personnel. All those factors, together with its relative low cost and the reliability of the sham condition (7) , have contributed to its popularity and its application in rehabilitative programs (8) . Through a simple 9-volt battery, tDCS delivers weak, direct electric currents (typically, 1-2 mA) over the scalp via two electrodes soaked with saline solution (9) . Generally, tDCS is considered to be safe. However, it should be noted that safety guidelines specific for tDCS are still not available, and both researchers and clinicians refer to those developed by Rossi et al., which are focused on Transcranial Magnetic Stimulation (TMS) (10) . Notwithstanding, as every intervention is intrinsically associated with the risk of harmful, the potential induction of adverse events and effects related to tDCS needs to be taken into careful consideration. Based on the available evidence, overall, the balance between beneficial and adverse effects using tDCS seems shifted toward the first. In fact, a number of investigations and review papers indicates that the adverse effects of tDCS are mild and highly subjective, mainly related to the application of the electrical current over the scalp. Adverse effects indeed range from itching, tingling, and burning sensations to redness beneath the stimulated areas. More serious unwanted side-effects, such as headache, nausea, and insomnia, are infrequent in both healthy adults and children, as well as in patients with neurological or neuropsychiatric diseases; whenever present, they are transitory and welltolerated [for reviews, see (8, (11) (12) (13) (14) ]. Skin burn may occur, and few cases have been registered in major depression, tinnitus, neuropathic pain, and in healthy individuals (15) (16) (17) (18) .
Despite the above-mentioned evidence regarding tDCS adverse effects, it is important to consider that the safety of a certain device or drug is not similar across different diseases. Therefore, here we aimed to further explore safety issues focusing on the stroke population since tDCS has become increasingly popular in poststroke motor and cognitive rehabilitation, and there is an increasing need to know to what extend this technique can be applied in safety with therapeutic purposes in this domain. Promising results come from studies assessing the effects of the tDCS (both in isolation and coupled with behavioral interventions) for the treatment of upper (19) and lower (20) limb motor disorders, as well as for enhancing motor learning (21) . Furthermore, tDCS has been used as an adjuvant therapy in poststroke cognitive rehabilitation (22) . However, what seems lacking is a deeper evaluation of the adverse effects associated with its use in this specific population. Special concerns may arise when stimulating a brain that had suffered a lesion, targeting a neural system whose functioning has been disrupted by a cerebrovascular accident. In this condition, modeling studies showed that skull defect and stroke-related lesions may create distortions in the current flow, as injuries filled with cerebrovascular fluid may expose the tissue to a higher intensity of focused current (23) . In addition, stroke patients are usually older and their skin is more fragile, hence it is more likely for them to suffer from a further heating damage (24) . Thus, special attention should be given in the assessment and in the evaluation of tDCS side-effects in stroke population. The present review faces this issue, exploring the adverse effects of tDCS in the stroke population as reported in the literature, also looking for their possible relationship with the parameters of stimulation (namely, current intensity and density, stimulation duration, and number of applications) and the clinical (stroke duration) and demographic characteristics (age, gender) of the stroke patients. Finally, we have identified the used exclusion criteria applied in stroke studies, as this is an important parameter to take into account for assessing and predicting the safety of a tDCS intervention.
METHODS

Literature Search
We performed a comprehensive electronic search of articles published from 1998 to 2015 describing tDCS application in post stroke patients. Data were extracted from MEDLINE/PubMed database using the following key words: "transcranial Direct Current Stimulation," "tDCS," or "brain polarization," and "stroke" combined with "physical therapy modalities," "occupational therapy," "exercise," or "motor activity."
Selection Criteria
The research included articles that met the following criteria: 1) articles written in English, 2) studies conducted in humans only, 3) original research only, 4) assessing tDCS effects in stroke patients. In turn, we excluded: 1) review articles, 2) duplicated articles, studies conducted in 3) healthy individuals, 4) animals, 5) patients with other neurological degenerative diseases, 6) studies using other brain stimulation techniques such as TMS.
Data Extraction
A structured checklist was elaborated to extract the following information: 1) study design; 2) demographic and clinical characteristics, such as: age (years), gender, and time since stroke (months); 3) study characteristics: total sample, inclusion, and exclusion criteria; 4) stimulation parameters: intensity (mA), current density (mA/cm 2 ), duration (minutes), and number of sessions; 5) adverse events, considering the following: A) absent when articles reported "all patients tolerated treatment well" or "no side-effects were reported"; B) present when articles described any kind of adverse effects even if their description was not detailed (e.g., "no subjects reported adverse effects other than itching under the electrodes"); C) not applicable when articles did not mention the evaluation or the reporting of the adverse effects. According to the last criterion (5), studies were then classified as "Reporting" and "Non-reporting" adverse events. The group of articles coded as "not applicable" (5C) was not considered for the main analysis.
Analysis
First, normality of all data (i.e., tDCS parameters and clinical and demographic characteristics of the sample) was assessed by Kolmogorov-Smirnov test. Since the assumption was violated, we applied Mann-Whitney test to explore whether "Reporting" studies differ from "Non-reporting" ones, regarding tDCS parameters (intensity, current density, duration, and number of sessions), clinical (stroke duration) and demographic (age and gender) characteristics of the sample. p-Values were corrected for multiple comparisons considering separately the four tDCS (namely, intensity, current density, duration, and number of sessions) and the two demographic (age and gender) parameters.
Then, we used the median values of our reviewed data, as shown in Table 1 , to split the entire sample in two main groups (low and high values) with respect to the tDCS parameters: studies with values under the median to which we refer with "low" parameters, and studies with values above the median, considered "high."
Then, we focused on the "Reporting" studies group only, categorizing them as using "high" or "low" parameters, according to the median values of Table 1 . Finally, we explored whether the studies of the "Reporting" group differ according to each tDCS parameters (intensity, current density, duration, and number of sessions). However, it should be noted that these analyses have an exploratory nature.
Analyses were performed using Statistical Package for Social Science for Windows (SPSS) version 23.0.
RESULTS
The initial search on the PubMed database retrieved 435 articles published between 1998 and 2015. Among these, 349 articles were excluded for the following reasons: 159 were review papers, 82 were duplicate studies, 57 were studies performed on healthy participants and 11 in animals, 8 applied NIBS techniques other than tDCS, 5 focused on other disease than stroke, 27 were not considered for other reasons, since they were out of scope of this review (e.g., computational models, developmental studies). Using the study criteria, we narrowed the list to 86 (Fig. 1 ).
Demographic and Clinical Characteristics
In total, 1293 stroke patients (800 males and 451 females) with age ranging 7-92 years (mean 5 59.38 6 standard deviation 5 9.19; median 5 60.7) were including in the analyses. The 54.83% of the stroke patients were in a chronic stage of illness, with a mean time elapsed since the stroke of 43.81 6 33.96 months (range 5 2-253 months). The remaining patients were in subacute (24.82%) or acute stage of illness (19.33%); 1.02% were children with congenital hemiplegia.
tDCS Parameters
Concerning the tDCS parameters, a current intensity between 1 and 2 mA was usually used, with a median of 1 mA (52.95% of the articles applied 1 mA). The median current density, defined as the mean of the stimulation current divided by the surface of the stimulation electrode, was of 0.04 mA/cm 2 (50.63% of articles used 0.04 mA/cm 2 ). The median duration of the stimulation was 20 min (80% of articles used durations less or equal). TDCS was applied for a median of five sessions in the 56.47% of the articles (Table 1) .
Adverse Effects
In the 11.62% of articles that reported the occurrence adverse events, (namely, "Reporting" studies, N8 10 out of 86) at least one was described; the most common was itching (70%), followed by burning sensation (40%), headache (40%), tingling (30%), sleepiness (20%), difficulty of concentration (10%), mild fatigue (10%), skin redness (10%), and dizziness (10%). The main characteristics of these studies are detailed in Table 2 . The number of patients who reported adverse effects and the related cumulative incidence are depicted in Figure 2 .
Conversely, the 47.67% of the studies reported the absence of adverse events (i.e., "Non-reporting"). To note, 40.69% of articles did not mention whether adverse effects did occur or not.
Exclusion Criteria
Data reporting eligibility criteria to tDCS referred to 65 articles: 21 out of 86 papers did not specify which exclusion criteria were adopted. The most common exclusion criterion used in tDCS stroke trials appears to be the presence of metallic implants in the patients, followed by history of epilepsy and of seizure (Table 3) .
Quantitative Analysis
When comparing "Reporting" vs. "Non-reporting" no significant difference was found between these two categories of studies with respect to the adopted tDCS parameters: intensity (U 5 295.00, The Mann-Whitney test failed to show differences in the incidence of adverse effects when studies were analyzed according to the tDCS current intensity (less or higher than 1 mA) and density (less or higher than 0.04 mA/cm 2 ) and to the number of tDCS application (less or higher than five sessions) (all ps > 0.2). To note, we did not perform any analysis of the incidence of side-effects with respect to the duration of stimulation because only one study used a duration above the median found (25) . All those exploratory calculations warrant further examination in future studies.
DISCUSSION
The present work analyzes the incidence of adverse effects brought about by tDCS in stroke patients, as reported in the current literature. To this aim, studies were classified as "Reporting" and "Non-reporting" adverse effects, and then possible relationship between stimulation parameters and protocol details was taken into consideration. The most relevant finding is that the vast majority of stroke patients who underwent tDCS sessions well tolerated this NIBS technique, without reporting any severe side-effect. Only the 11.6% of the studies (i.e., ten articles) conducted in stroke patients reported at least one adverse effect, which although were modest and unserious. They in fact were limited to itching, tingling, burning sensation, headache, and skin redness. These results are in line with previous findings in different clinical populations, as well as in healthy individuals (8, 13, 14) .
Itching, as well as tingling and burning sensation is a frequent report, given the application of a small current over the scalp. For this reason, operatively, it is important to take care of the electrodes' montage, using appropriate sponges and saline solution to reduce possible discomforts. Given the physics and physiology of tDCS, the minor side-effects related to the application of electric current to the scalp seem virtually unavoidable (12) .
Conversely, headache was rare (here reported by four studies of our sample), in line with the incidence of only 14.8% found in more than 100 studies performed with humans (13) . Notwithstanding, when present, headache attacks are usually transient, lasting about ten minutes and can be easily abolished by drug intake (acetaminophen or ibuprofen).
Finally, skin redness under the electrode is another minor sideeffect frequently registered (13, 26) ; it is due to the temperature increase by current delivery to the scalp, which affects to local vasodilatation. In our sample, this adverse effect was explicitly reported by only one study that applied tDCS with "high" values, namely for 30 min with a current density of 0.08 mA/cm 2 (25) . Instead, studies in healthy individuals have often reported an increase of skin redness over days in the scalp region where the electrodes were positioned (27) . Although the low incidence of skin redness in stroke patients is likely due to the fact the about 41% of articles did not exhaustively report (and likely monitor) the occurrence of tDCS side-effects in this clinical population, this finding may also suggest that tDCS should not induce additional skin damage in stroke subjects.
In order to characterize the incidence of adverse effects, the "Reporting" studies were then contrasted to the "Non-reporting" ones, in terms of stimulation parameters and clinical characteristics of the sample. Regarding tDCS parameters (namely intensity, current density, duration, and number of sessions) we could not find any differences between the two groups. In particular, the intensity of stimulation, which was within the recommended limits (i.e., 1 and 2 mA) (28), did not influence the occurrence of adverse effects in stroke patients. Crucially, half of the "Reporting" studies applied a current with an intensity less or equal to 1 mA. Depending on the size of the electrode (15-25 cm 2 ), a current intensity between 0.04 and 0.08 mA/cm 2 is considerably below the safety threshold (11) . Six out of the ten "Reporting" studies applied a low current density (referring to our median of 0.04 mA/cm 2 ) and in only two studies, the current density was 0.08 mA/cm 2 . Similarly, the duration of the stimulation and the number of tDCS sessions seem unrelated to adverse effects: "Reporting" and "Non-reporting" studies do not differ with respect to the tDCS duration; only one case applied the tDCS for a period of time longer of 20 min. Instead, half of the "Reporting" studies applied the stimulation for less than five sessions.
However, intriguing details arise when considering each study separately. Indeed, itching and burning sensations were detected in a single case study in a chronic stroke patient, who underwent tDCS to threat aphasia (29) . Specifically, the unpleasant sensations, which were localized around the reference electrode and persisted for the entire duration of the stimulation, emerged during the first week and increased over the days of treatment. Such side-effects were reduced after the substitution of the self-adhesive electrode with a saline solution electrode pad (29) . Similarly, two out of ten patients enrolled in a 30 sessions rehabilitation study, combining tDCS and robot-assisted arm training in subacute stroke patients (30), reported a bearable headache in the first week immediately following the stimulation, that vanished with the ongoing of the trial. Our analyses pointed out another interesting aspect: as compared to the studies not reporting adverse effects, "Reporting" studies comprised younger patients. This finding is in accordance with a systematic analysis by Fertonani et al. showing that elderly participants overall perceived fewer tDCS-related sensations as compared to younger participants (26) . The authors proposed that the inverse correlation between age and induced sensations could be due to a physiological dysfunction in the peripheral and/or central nervous systems occurring in elderly (31), or it could be merely related to the psychological tendency to complain less by aged individuals.
There are a number of limitations of the present analyses, which are due to the insufficient information reported in many published studies in stroke patients. For example, we could not assess the different incidence of adverse effects brought about by the active and the sham tDCS, since among the reviewed articles, only two studies specified the allocation of participants with respect to type of stimulation (32, 33) . In one study, itching (one case) and burning (one case) sensations under the electrodes were observed only in the group receiving the real tDCS, while sleepiness was detected in patients who underwent the sham stimulation; the incidence of difficulty concentrating was reported both in sham and real tDCS sessions (i.e., one case in each group) (32) . In another study, itching, tingling, burning sensation, headache, and sleepiness occurred after real and sham tDCS, but apparently they were slightly prominent in the real condition (33) . Future studies need to monitor and report more carefully the incidence of the side-effects by sham and real tDCS either to increase the current knowledge about the safety of this NIBS technique, and also for ensuring and measuring the effective blinding of participants. In fact, sham tDCS is considered reliable not only if the participants is unable to distinguish it from the real stimulation, but also if the sensations induced by these two stimulation modes are comparable (7) .
Furthermore, it would have been of great interest to analyze the occurrence of dropouts, as they could be associated to adverse effects. To this aim, we have retrieved information regarding the withdrawal, in order to understand whether the reported cases were due to the tDCS. This information was not submitted to statistical analyses since only 3 out of 1293 stroke patients interrupted their participation to the tDCS study due to the stimulation. In particular, two dropouts, one for headache and one for dizziness, were reported in a rehabilitation study with ten tDCS sessions (2 mA, 20 minutes; total 0.08 mA/cm 2 of current density; ten daily sessions over two weeks) (34) . Interestingly, in such study, all the tDCS parameters were higher than the median values featuring the tDCS studies reviewed here (Table 1) . Unfortunately, the authors did not specify when the participants experienced their side-effects, nor in which group (anodal, cathodal, or sham) they were allocated. Another drop-out, a child with congenital hemiparesis, was registered at the pretest, during the 30-sec ramp-up, after reporting mild sleepiness; however, this event was likely unrelated to the tDCS, being caused by the fact that the patient waked up early (32) .
Finally, there is another important point that emerges from our revision. NIBS is considered to be safe as far as exclusion criteria are rigorously followed. To note, up to now tDCS has been applied following safety guidelines that were originally developed for TMS [for current international safety guidelines, see (10) ]. Hence, the overall lack of major adverse events, and thus the intrinsic safety features of tDCS, should be considered as the direct consequence of the current exclusion criteria for patients, which are transposed from TMS guidelines. Given the differences between the mechanisms of action the two techniques, basically tDCS is a neuro-modulation tool while TMS acts as neuro-stimulation, the current safety guidelines may be too conservative for tDCS. As consequence, safety guidelines for tDCS should be revisited following a more in-depth investigation of the specific adverse effects in stroke induced by this NIBS technique.
For instance, we found that almost 1/4 of the reviewed studies specifying the eligibility criteria for tDCS (24.2%) broadly refer to "contraindications to tDCS and/or TMS" (Table 3) . Conversely, 24.42% of studies did not even specify the adopted exclusion criteria. Moreover, 33.85% of the published paper even did not exclude patients with history of seizures or epilepsy, as international guidelines recommend. With respect to epilepsy, which represent a major contraindication to NIBS, a study applying tDCS in patients with multifocal epilepsy and refractory seizures showed that the anodal stimulation did not increase epileptiform discharges in the area of stimulation (35) ; moreover, there is no clear indication that tDCS can trigger seizures in patients with epilepsy. Overall, the issue of the potential adverse effects in stroke patients with epilepsy warrants a more systematic, ad hoc, investigation. Studies specifically aimed at assessing the incidence of seizures brought about by tDCS in stroke patients with a history of seizure episodes seem now mandatory to redefine the inclusion/exclusion criteria of tDCS with respect to epilepsy in this clinical population. To this aim, an ad hoc, individual examination of the potential risk of inducing seizures should be evaluated on a case-by-case basis, after an in-depth examination of each patient. 
CONCLUSION
Current evidence shows that tDCS performed following the current safety guidelines (10) is well-tolerated by stroke patients; in few instances, adverse effects were reported, but they were largely minor and transient, as also observed in healthy individuals (12) (13) (14) . From the published data, we could not identify any specific stimulation parameter that may cause per se unwanted side-effects in stroke patients. It seems that there is a lack of either moderate or severe adverse effects in stroke individuals even with high intensities (up to 2 mA) and long duration (up to 30 min, consecutive applications for up to 30 sessions) of the stimulation. Such findings are important and encouraging for the clinical use of tDCS in poststroke rehabilitation.
However, even if tDCS is considered as a safe technique, this does not really assure that NIBS tool is completely free of undesirable effects, if not specifically assessed. In this regard, it is remarkable to note that a high percentage of the reviewed tDCS studies in stroke patients did not even mention whether adverse effects did occur or not, since in many cases the experimental protocol did not include any specific, detailed, assessment of the tDCS site-effects. It is now mandatory to increase our knowledge of the safety limit of tDCS in stroke. Useful questionnaires to monitor tDCS adverse effects have been published in the last years, which comprise even the collection of information about the risk attribution, and intensity scales to quantified and qualified the tDCS-related experiences, their onset and the location on the body [see (13) ]. The importance of conducting a systematic assessment of the tDCS adverse effects becomes obvious when considering the need to minimize the risk of depicting the intervention more safe (or more dangerous) than the reality.
In conclusion, whereas tDCS in stroke patients confirms its general safety features at least when the current guidelines for NIBS are rigorously followed, our review emphasizes the need of systematic and sharable procedure for the collection and description of tDCS adverse effects.
